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Techniques involved:Techniques involved:

Wet etching of channels in Si and glass Wet etching of channels in Si and glass 
(isotropic, (isotropic, anysotropicanysotropic))
Dry etchingDry etching
Resist lithographyResist lithography
PDMS soft lithographyPDMS soft lithography
Hot embossingHot embossing
Other machining techniques in plastics, Other machining techniques in plastics, 
glass etc.glass etc.
BondingBonding



WetWet etchingetching ofof (100) (100) SiliconSilicon



WetWet etchingetching ofof otherother orientationorientation ofof
SiliconSilicon



IsotropicIsotropic etchingetching ofof Silicon and Silicon and 
GlassGlass

Silicon:
Etchant: 66% HNO3 and 34% HF
Etching rate: 5um/min

Glass:
Etchant: HF (or BHF)



ChemicalChemical drydry etchingetching

Deep trenches with high Deep trenches with high 
aspect ratios can be aspect ratios can be 
made in Si, glass or made in Si, glass or 
plasticplastic

Gases used: Gases used: 
–– Fluorine chemistry (CHFFluorine chemistry (CHF33, , 

SFSF66, CF, CF44))
–– Chlorine chemistry (Chlorine chemistry (HClHCl, , 

ClCl22))
–– OxygenOxygen



Bulk Bulk micromachinedmicromachined channelschannels



SiliconSilicon surfacesurface micromachiningmicromachining

PECVD oxide

oxide

PECVD oxide

wet etching



Polymer Polymer basedbased micromachiningmicromachining

ThickThick resistresist lithographylithography
PolymericPolymeric basedbased micromachiningmicromachining
SoftSoft lithographylithography
MicrostereoMicrostereo lithographylithography
MicromoldingMicromolding



SUSU--8 8 resistresist

Negative Negative photoresistphotoresist for NUV for NUV exposureexposure

Really thick layers in one spin!Really thick layers in one spin!

10/30 20/60 30/90L/S



ExampleExample ofof SUSU--8 8 structuresstructures

Fabrication of covered channels

embedded
mask

selective 
proton writing

sacrif.layer

Fabrication of open channels



SoftSoft lithographylithography

UsesUses elastomericelastomeric stamp, stamp, usuallyusually PDMS PDMS 
((PolydimethylsiloxanePolydimethylsiloxane) to transfer ) to transfer thethe patternpattern..
–– MicrocontactMicrocontact printingprinting

–– MicromoldingMicromolding



FabricationFabrication ofof microchannelsmicrochannels usingusing
softsoft lithographylithography

AdvantagesAdvantages ofof PDMS:PDMS:
–– LowLow costcost
–– TransparencyTransparency in VIS and NUVin VIS and NUV
–– ChemicallyChemically inertinert

TechnologyTechnology::
–– MixMix prepolymerprepolymer and and curingcuring agent 10:1 agent 10:1 –– 5:15:1
–– PourPour intointo solid master made in SUsolid master made in SU--8 8 withwith inletsinlets defineddefined by by 

glassglass postsposts
–– CureCure at 60 at 60 –– 80 80 oCoC for for couplecouple ofof hourshours
–– PeelPeel offoff
–– treattreat withwith ozon ozon oror Oxygen plasma and Oxygen plasma and attachattach to to cleanclean

glassglass, , siliconsilicon oror anotheranother PDMS PDMS 



MicrostereoMicrostereo lithographylithography

Single photon adsorbtion
Two photon absorbtion
Layer-by-Layer photolithography



MicromoldingMicromolding

InjectionInjection moldingmolding: : highhigh pressurepressure injectioninjection ofof moltenmolten
PMMA, PC (PMMA, PC (polycarbonatepolycarbonate),  PSU (),  PSU (polysulfonepolysulfone) etc.) etc.

CompressionCompression moldingmolding (hot (hot embossingembossing))



OtherOther micromachiningmicromachining techniquestechniques

Laser Laser micromachinigmicromachinig
((usuallyusually usingusing an an excimerexcimer lasers, lasers, 
Nd:YAGNd:YAG oror COCO22 lasers)lasers)

FocusedFocused ion ion beambeam

MicroelectroMicroelectro dischargedischarge

UltrasonicUltrasonic micromachiningmicromachining



AssemblyAssembly and and packagingpackaging
AnodicAnodic bondingbonding
(T=400 (T=400 ooCC, V=1kV), V=1kV)

SiliconSilicon directdirect bondingbonding
reactionreaction ofof OH OH groupsgroups onon Si Si surfacessurfaces at T=300 at T=300 –– 1000 1000 ooCC
GlassGlass directdirect bondingbonding
(T=600 (T=600 ooCC for 6for 6--8h)8h)
Polymer Polymer directdirect bondingbonding
AdhesiveAdhesive bondingbonding ((lowlow meltingmelting glassglass (400(400--600600ooC, C, photoresistsphotoresists, , 
UV UV curablecurable epoxiesepoxies, , epoxiesepoxies etc.)etc.)
EutecticEutectic bondingbonding ((e.ge.g. gold/. gold/siliconsilicon eutecticeutectic at 363at 363ooC)C)



Other microfabrication issues: Other microfabrication issues: 
BiocompartibilityBiocompartibility

MaterialMaterial responceresponce to to biologicalbiological
environmentsenvironments ((swellingswelling, , corrosioncorrosion etc.)etc.)
TissueTissue and and cellularcellular responceresponce to to thethe
materialmaterial



MicrofluidicsMicrofluidics: : DevicesDevices for for 
FlowFlow ControlControl

••ValvesValves
••PumpsPumps
••MicromixersMicromixers



Active Microvalves

Normally open

Normally closed

Bistable

Active Microvalves
Analog

Digital

Analog Digital

Pulse-width modulation
Fluidic DAC

Microvalve consist of closure element driven by an actuator



Active Microvalves

Pneumatic

Thermopneumatic

Thermomechanical

Piezoelectric

Electrostatic

Electromagnetic

Electrochemical

Capillary forcel
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Valve specification: 

• leakage
• valve capacity
• power consumption – total power consumption in active state

• closing force (pressure range) – pressure generated by the valve

• temperature range
• responce time
• reliability
• biocompartibility
• chemical compartibility
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Design Design considerationsconsiderations

SpecificationSpecification requiredrequired
MaterialsMaterials to to bebe usedused
CostCost
SuitableSuitable type type ofof actuatorsactuators
Optimal Optimal valvevalve spring and spring and valvevalve seatseat



Design Design considerationconsideration: : ActuatorsActuators

MovingMoving functionfunction ((enoughenough force, force, displacementdisplacement and and 
controllabilitycontrollability))
HoldingHolding functionfunction ((shouldshould keepkeep valvevalve in a set in a set 
position)position)
DynamicDynamic functionfunction ((requiredrequired responceresponce time)time)

Energy density:
a

aa
a V

sFE ='



Design Design considerationconsideration: : ValveValve springspring

For For normallynormally closedclosed valvesvalves (NC) (NC) –– large spring large spring constantconstant to to resistresist thethe
pressurepressure
For For normallynormally openopen valvesvalves (NO) (NO) –– softsoft spring spring constantconstant, , optimizedoptimized for for 
actuatoractuator closingclosing forceforce



Design Design considerationconsideration: : ValveValve seatseat
MainMain requirementsrequirements::

ZeroZero leakageleakage
ResistanceResistance againstagainst particlesparticles trappedtrapped



Design Design considerationconsideration: : PressurePressure
compensationcompensation

AimAim: : MaintainMaintain closingclosing force force whenwhen thethe inletinlet
pressurepressure varyvary

Passive flow controller



Typical parameters of pneumatic valves:

Stack of 3 directly bonded Si wafers, Si 
membrane 25 um thick

Silicon rubber membrane 25 um thick prepared
by spin coating, hole drilled with laser

Boron implantation

Silicon rubber membrane 30 um thick prepared
by surface micromachinig, photoresist used as 
a sacrificial layer.



ThermopneumaticThermopneumatic valvesvalves

ReliesRelies onon thethe changechange in in volumevolume ofof sealedsealed
liquidliquid oror solid under solid under thermalthermal loadingloading. . UsuallyUsually
utilizeutilize solid/solid/liquidliquid and and liquidliquid/gas /gas phasephase
transition for transition for maximummaximum performanceperformance





ExampleExample

ThermopneumaticThermopneumatic valvevalve withwith air. air. 
HeightHeight ofof thethe expansionexpansion cylinder cylinder 
500um.500um.
AssumingAssuming thethe volumevolume constantconstant::
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ExampleExample



Design Design examplesexamples

9um paraffin used as actuation material
2um deflection with 50mW heating

Heater is placed on SiN membrane, 50um 
Silicon rubber used for membrane



ThermomechanicalThermomechanical valvesvalves

Solid Solid expansionexpansion
BimetallicBimetallic
ShapeShape--memorymemory alloysalloys



Solid Solid expansionexpansion valvesvalves

GeneratedGenerated force: force: 
wherewhere γγ is is thethe thermalthermal expansionexpansion coefficientcoefficient

TF ∆∝ γ



BimetallicBimetallic valvesvalves
UsesUses difference in difference in thermalthermal expansionexpansion coefficientcoefficient ofof twotwo metalsmetals

TF ∆−∝ )( 12 γγ



BimetallicBimetallic valvesvalves: Design : Design examplesexamples



ShapeShape memorymemory AlloyAlloy valvesvalves

ShapeShape memorymemory alloysalloys (SMA) (SMA) areare materialsmaterials thatthat have have propertyproperty
to to returnreturn to to theirtheir original original undeformedundeformed shapeshape upon a upon a changechange ofof
temperaturetemperature
AdvantagesAdvantages: : highhigh force and large force and large strokestroke
DisadvantagesDisadvantages: : lowlow efficiencyefficiency, , lowlow frequencyfrequency ((bandwidthbandwidth))





PiezolelectricPiezolelectric valvesvalves

generategenerate small small strainstrain (0.1%) and (0.1%) and highhigh stresses (stresses (MPaMPa), ), 
thereforetherefore suitablesuitable for for applicationsapplications withwith highhigh force and force and lowlow
displacementdisplacement
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ExampleExample::



Design Design examplesexamples



ElectrostaticElectrostatic valvevalve

BasedBased onon attractiveattractive force force betweenbetween twotwo oppositelyoppositely chargedcharged
platesplates

AdvantagesAdvantages: fast : fast responceresponce
DisadvantagesDisadvantages: : highhigh voltagevoltage and small and small discplacementdiscplacement
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Design Design examplesexamples



ElectromagneticElectromagnetic valvesvalves

UsesUses solenoidsolenoid actuatoractuator withwith a a magneticmagnetic corecore and a and a coilcoil

AdvantageAdvantage: large : large deflectiondeflection
DisadvantageDisadvantage: : lowlow efficiencyefficiency



Design Design examplesexamples



ElectrochemicalElectrochemical valvesvalves

ActuatedActuated by a by a bubblebubble createdcreated by by waterwater electrolysiselectrolysis

Consumes 4.3uW (10000 smaller that thermopneumatic !!!)
2.5 V operational voltage



CapillaryCapillary force force valvesvalves

ElectrocapillaryElectrocapillary

Maximum value of surface tension at V0.

Capacity of double layer.



ThermocapillaryThermocapillary effecteffect

CausedCaused by by temperaturetemperature dependencedependence ofof surfacesurface
tension: tension: viscosityviscosity and and surfacesurface tension tension bothboth drop drop 
withwith thethe temperaturetemperature increaseincrease



Passive Passive capillarycapillary effecteffect

Example: a bubble valve is designed with a vapour bubble between
channel sections 50um and 200um sections. What pressure can it
withstand? 
σw=72*10-3 N/m



MicropumpsMicropumps

micropumpsmicropumps
mechanicalmechanical

NonNon--mechanicalmechanical



MechanicalMechanical pumpspumps

RequireRequire an an electromechanicalelectromechanical actuatoractuator, , eithereither
externalexternal oror integratedintegrated
ExternalExternal actuatorsactuators: : drawbackdrawback: large : large sizesize, , 
advantagesadvantages: large force and : large force and displacementdisplacement..
IntegratedIntegrated actuatorsactuators: fast : fast responceresponce and and reliabilityreliability



Parameters Parameters ofof micropumpsmicropumps

MaximumMaximum flowflow rate (rate (determineddetermined at 0 back at 0 back pressurepressure))
MaximumMaximum back back pressurepressure (at (at whichwhich flowflow becomesbecomes 0), 0), 
alsoalso describeddescribed as pump headas pump head
Pump Pump efficiencyefficiency



CheckCheck--valvevalve pumppump

FunctionFunction under under conditionsconditions ofof small small compressioncompression ration and ration and 
highhigh pump pump pressurepressure
–– CompressionCompression ratioratio

–– HighHigh pump pump pressurepressure

Design Design rulesrules
MinimizeMinimize criticalcritical pressurepressure
MaximizeMaximize strokestroke volumevolume
MinimizeMinimize thethe deaddead volumevolume
MaximizeMaximize thethe pump pump pressurepressure usingusing large force large force actuatorsactuators



Design Design examplesexamples

TypicalTypical micromicro check check valvesvalves





PeristalsticPeristalstic pumpspumps

Do not Do not requirerequire passive passive valvesvalves to set to set flowflow directiondirection
RequireRequire 3 3 oror more more chamberschambers ((actuallyactually just just valvesvalves
connectedconnected in in seriaseria))
DrawbacksDrawbacks: : leakageleakage and small and small pressurepressure difference, difference, 
requirerequire a a oneone check check valvevalve to to preventprevent back back flowflow
Design Design rulesrules: large : large strokestroke and large and large compressioncompression
ratio.ratio.



ExampleExample

A A peristalticperistaltic pump has 3 pump has 3 chamberschambers and 3 and 3 circularcircular
unimorphunimorph piezodiscspiezodiscs, , membranemembrane diameter 4mm, diameter 4mm, 
frequencyfrequency 100Hz, 100Hz, maximummaximum deflectiondeflection 40um.40um.



Design Design examplesexamples



ValvlessValvless rectificationrectification pumpspumps

DiffusersDiffusers//nozzlesnozzles usedused insteadinstead ofof check check valvesvalves for for 
flowflow rectificationrectification

2
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χ - rectification efficiency



Design Design examplesexamples

Tesla pump:
χ=0.045, η=1.2



MicromixersMicromixers

mixing in mixing in microscalemicroscale relies mainly on relies mainly on 
diffusion due to laminar flow at low diffusion due to laminar flow at low 
Reynolds numbers Reynolds numbers 
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Lamination in mixerLamination in mixer

parallel laminationparallel lamination

sequential laminationsequential lamination



Focusing in mixerFocusing in mixer

geometric and hydrodynamic focusinggeometric and hydrodynamic focusing



Mixing by twisting the Mixing by twisting the 
flowflow

StroockA. D., DertingerS. K. W., AjdariA., MezicI., Stone H. A., Whitesides G. M. 
“Chaotic Mixer for Microchannels” Science 295, 647-651 (2002)



ElectrohydrodynamicElectrohydrodynamic
mixingmixing

Difference in liquids conductivities and Difference in liquids conductivities and permittivitiespermittivities
created transversal flows across the interface and created transversal flows across the interface and 
destabilized it, promoting mixing.destabilized it, promoting mixing.



MagnetoelectrodynamicMagnetoelectrodynamic
mixingmixing

Alternating electric fields were applied to the chamber with twoAlternating electric fields were applied to the chamber with two
independentindependent center electrodes in the presence of a magnetic fieldcenter electrodes in the presence of a magnetic field



Mechanical mixingMechanical mixing

StirringStirring
Oscillating wallsOscillating walls
Magnetic particles etc.Magnetic particles etc.


